Enhanced thermal and mechanical properties of functionalized graphene/thiol-ene systems by photopolymerization technology  by Yu, Bin et al.
Chemical Engineering Journal 228 (2013) 318–326Contents lists available at SciVerse ScienceDirect
Chemical Engineering Journal
journal homepage: www.elsevier .com/locate /ce jEnhanced thermal and mechanical properties of functionalized
graphene/thiol-ene systems by photopolymerization technology1385-8947 2013 The Authors. Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.cej.2013.04.093
⇑ Corresponding authors. Address: State Key Laboratory of Fire Science, Univer-
sity of Science and Technology of China, 96 Jinzhai Road, Hefei, Anhui 230026, PR
China. Tel./fax: +86 551 3601664.
E-mail addresses: xingwy@ustc.edu.cn (W. Xing), yuanhu@ustc.edu.cn (Y. Hu).
Open access under CC BY-NC-ND license.Bin Yu a,b, Xin Wang a, Weiyi Xing a,⇑, Hongyu Yang a,b, Xiaofeng Wang a, Lei Song a, Yuan Hu a,b,⇑,
Siuming Lo b,c
a State Key Laboratory of Fire Science, University of Science and Technology of China, 96 Jinzhai Road, Hefei, Anhui 230026, PR China
bUSTC-CityU Joint Advanced Research Centre, Suzhou Key Laboratory of Urban Public Safety, Suzhou Institute for Advanced Study, University of Science and Technology of China, 166
Ren’ai Road, Suzhou, Jiangsu 215123, PR China
cDepartment of Building and Construction, City University of Hong Kong, Tat Chee Avenue Kowloon, Hong Kong
h i g h l i g h t s
 Graphene was chemically modiﬁed with organosiloxane by a simple sol–gel method.
 Covalent incorporation of graphene into thiol-ene systems by UV-curing technology.
 Signiﬁcant reinforcement on the thermal properties of thiol-ene coatings.a r t i c l e i n f o
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Functionalized graphene nanosheets (FGNSs) were synthesized through surface modiﬁcation with 3-
mercaptopropyl trimethoxysilane and then incorporated into thiol-ene using photopolymerization tech-
nology. The structure and morphology of GO, GNS and FGNS were characterized by AFM, XRD, TEM, XPS,
FTIR and 29Si NMR. The incorporation of functionalized graphene nanosheets enhanced the thermal prop-
erties of thiol-ene nanocomposites. The initial thermal degradation temperature of thiol-ene was
increased from 249 C to 362 C and a 30 C increment in the glass transition temperature (Tg) was also
achieved with only 1.5 wt% FGNS. The storage modulus of thiol-ene was improved by 138% at 1.5 wt%
loading of FGNS. By contrast, untreated GNS/thiol-ene nanocomposites exhibited relatively lower ther-
mal properties and storage modulus than its modiﬁed-GNS counterpart. The excellent reinforcements
were attributed to good dispersion of FGNS and strong interfacial adhesion between FGNS and thiol-
ene matrix as supported by SEM images of the fracture surfaces and TEM. The covalent functionalization
of graphene with silane reported herein will provide a simple method to fabricate UV-curable nanocom-
posite coatings with effectively enhanced thermal and mechanical properties.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Ultra-violet (UV)-curing technology is an effective way to rap-
idly convert liquid, multifunctional monomer resins into cross-
linked polymer networks, which is employed industrially in appli-
cations ranging from polymeric coatings and composites to inks
and adhesives because of its remarkable advantages over thermalcuring including low energy consumption, solvent-free resin com-
positions, high curing speed and ambient temperature processing
[1–3]. However, typical photo-polymerization has such major lim-
itations as oxygen inhibition, shrinkage, and the formation of het-
erogeneous networks. Particularly, oxygen inhibits polymerization,
since it reacts with the initiator and polymer radicals, forming per-
oxy radicals that terminate further polymerization. As a new kind
of photo-polymerization systems, thiol-ene photopolymerization
with many advantages such as delayed gel points, uniform struc-
tures, low polymerization shrinkage and reduced stress is emerged
to overcome the aforementioned problems because of its all the
desirable features of a ‘‘click’’ reaction relative to acrylate-based
photopolymerization which occurs through a step-growth reaction
mechanism [4–6]. Despite many remarkable advantages, thiol-ene
systems show some drawbacks, such as poor thermal properties
and mechanical properties arising from the formation of ﬂexible
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Therefore, to overcome these shortcomings, it is anticipated to
incorporate some nanoﬁllers into traditional thiol-ene networks
to improve their thermal and mechanical properties.
Owing to its superior electronic, thermal and mechanical prop-
erties, graphene, a monolayer of sp2-hybridized carbon atoms ar-
ranged in a two-dimensional lattice, has drawn a great amount
of attention as an emerging class of carbon nanomaterials over
the recent last decade [8–13]. One simple and feasible way to har-
ness these extraordinary properties for applications is to incorpo-
rate graphene sheets into a polymer matrix to fabricate high-
performance composites. Previous studies have demonstrated that
incorporation of graphene sheets into polymers at extraordinarily
low ﬁller loading induces a remarkable improvement in the ther-
mal and mechanical properties of host polymer [14–21]. For exam-
ple, poly(acrylonitrile) (PAN) showed a striking shift in Tg of 40 C
at 1 wt% loading of functionalized graphene sheets (FGNSs) and
nearly 30 C improvement for PMMA at only 0.05% FGNS [14]. Fur-
thermore, some other works have reported that introducing GO or
GO-derived ﬁllers into polymer matrix gave rise to a more than
20 C increase in the onset degradation temperature (Tonset) under
inert gas conditions [22–24]. Very recently, our group reported a
43 C increment of Tonset for epoxy composites with the incorpora-
tion of 2.0 wt% of OapPOSS-rGO. Based on the above research
works, it is clear that GNS can be used as one kind of promising ﬁl-
ler to remarkably improve the thermal properties of polymer hosts
[25].
As is well known, the strong intrinsic van derWaals interactions
between graphene nanosheets (GNSs) make them easily stack and
re-agglomerate which restricts their properties enhancement in
polymer nanocomposites [26–28]. Besides, the formation of a
strong bonding between polymer matrices and graphene is an-
other important factor to achieve efﬁciently improved properties
for composites. To solve these two problems, chemical modiﬁca-
tion of GNS has provided an effective approach [29]. Until now,
various kinds of siloxane have been widely used as coupling agents
between glass substrates and polymeric resins. The coupling pro-
cess can be accomplished via the chemical reaction between the
trialkoxy groups of silane molecules and the hydroxyl groups on
the glass substrates. Recently this process has been used to modify
the GNS surface [30]. The functionalized GNS showed superior dis-
persion in polymer matrix over bare graphene.
However, to the best of our knowledge, there are rare literatures
reported on the application of GNS in photopolymerized thiol-ene
systems up to date. Motivated by this idea, siloxane-functionalized
and subsequently reduced GNS (FGNS) with an active thiol end-
group was successfully prepared in the present study. Therefore,
FGNS was covalently incorporated into thiol-ene systems by pho-
topolymerization technology. The as-prepared FGNS was wellFig. 1. The molecular structcharacterized and the effect of surface functionalization of GNS
on the morphology and thermal properties of thiol-ene systems
was investigated.
2. Experimental
2.1. Materials
Triallyl isocyanurate (TAIC) was kindly provided by Anhui Insti-
tute of Chemical Engineering (Hefei, China). Pentaerythriol tetrakis
(2-mercaptopropionate) (PETMP) was purchased from Shanghai
Wujing Chemical Co., Ltd. The molecular structure of PETMP and
TAIC was shown in Fig. 1. 3-Mercaptopropyl trimethoxysilane
(MTS) was purchased from J&K Chemical Ltd., Graphite powder,
potassium permanganate (KMnO4, AP), hydrochloric acid (HCl, CP),
sulfuric acid (H2SO4, 98%), sodium nitrate (NaNO3, AP), hydrogen
peroxide (H2O2, 30% aq.), hydrazine hydrate (85%, AP), N,N-dimeth-
ylformamide (DMF, AP), chloroform (AP) and acetone (AP) were all
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). N,N0-dicyclohexyl-carbodiimide (DCC, AP) was obtained
from Aldrich. 2-Hydroxy-2-methyl-1-phenyl-1-propanone (Daro-
cur 1173)was kindly supplied by Ciba Specialty Chemicals and used
as a photoinitiator. All the reagents were used as received.
2.2. Preparation of silane-functionalized graphene nanosheets
GO were prepared from graphite powder by Hummers method
[31] and graphene powders were prepared using chemically re-
duced graphite oxide, as described elsewhere [32]. The silane-func-
tionalized graphene nanosheets (FGNSs) were obtained via the
reaction between the trialkoxy groups and the hydroxyl groups.
The synthetic route was shown in Scheme 1 and the detailed syn-
thesis procedures were as followed. 1.0 g of graphite oxide (GO)
was dispersed in 100 ml DMF by ultrasonication for 60 min at
room temperature. Then, 50 ml of 3-mercaptopropyl trimethoxysi-
lane (MTS), 50 mg of DCC (as cat) and the above graphene oxide
suspension were charged into a 500 ml three-necked ﬂask with
mechanical stirring. Subsequently, the mixture was heated to
75 C and kept at this temperature for 12 h. After the reaction,
hydrazine hydrate (10 ml) was introduced to reduce GO at 100 C
for 2 h. Finally, the suspension was ﬁltered through a 0.2-lm poly-
tetraﬂuoroethylene membrane and thoroughly washed with DMF
and acetone to remove the residual MTS and DCC. The as-prepared
FGNS was dried at 60 C overnight.
2.3. Preparation of graphene/thiol-ene nanocomposite coatings
A typical procedure for preparing graphene/thiol-ene nanocom-
posite with 0.5 wt% FGNS content was depicted as follows: 0.075 gure of PETMP and TAIC.
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60 min. Then, the obtained homogenous suspension was incorpo-
rated into an equimolar ASH/AC@C mixture of TAIC (6.52 g) and
PETMP (8.48 g). Subsequently, 3 wt% Darocur 1173 was added into
the mixture. After thorough stirring to form a homogeneous sus-
pension, the blending was cast onto glass plates and dried at room
temperature under vacuum for 4 h to remove the solvent. Finally,
the formed coating was cured using the UV irradiation equipment
(80 W cm2, Lantian Co., China). The thickness of the cured ﬁlm is
about 0.2 mm.2.4. Characterization
Atomic force microscopy (AFM) observation of GO was per-
formed on the DI Multimode V in tapping-mode. The sample was
dispersed in deionized water with ultrasonic treatment and thenScheme 1. Schematic illustration of the syntheticdip-coated onto freshly cleaved mica surfaces for characterization.
Transmission electron microscopy (TEM) was performed using a
JEOL JEM-2100 instrument with an acceleration voltage of
100 kV. GO and FGNS were dispersed in water with 0.5 h of ultra-
sonication and then dripped onto copper grids for observation. The
ultrathin section of thiol-ene composite was observed by TEM.
Fourier transformed infrared (FTIR) spectra were obtained using
a Nicolet 6700 (Nicolet Instrument Company, USA) spectropho-
tometer with the wave number ranging from 500 to 4000 cm1.
Samples were mixed with KBr powders and pressed into tablets
for characterization. Solid-state 29Si NMR spectra were recorded
using a Bruker AV400 NMR spectrometer (400 MHz). X-ray photo-
electron spectroscopy (XPS) was conducted on a VG Escalab Mark II
spectrometer (Thermo-VG Scientiﬁc Ltd., UK), using Al Ka excita-
tion radiation (hm = 1253.6 eV). X-ray diffraction (XRD) measure-
ments was performed with a Japan Rigaku D/Max-Ra rotatingroute of functionalized graphene nanosheets.
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ﬁlter (k = 0.1542 nm). The scan rate was 4min1 and the 2h scan
range was from 3 to 60. Raman spectra were recorded from
500 to 2000 cm1 on a LabRAM-HR Confocal Raman Microprobe
(Jobin Yvon Instruments, France) using a 514.5 nm argon ion laser.
The fracture surface of the composite ﬁlms was examined on a
scanning electron microscope (SEM, XL-30 ESEM) using the sam-
ples fractured in liquid nitrogen. Thermogravimetric analysis
(TGA) was carried out on a TGA Q5000IR (TA Instruments, USA)
thermo-analyzer instrument. About 3.0 mg of the sample was
measured from 30 C to 700 C at a linear heating rate of
20 C min1 under nitrogen atmosphere. Dynamic mechanical
analysis (DMA) was measured using a DMA Q800 (TA Instruments
Inc., USA) from 20 C to 140 C at the heating rate of 5 C min1 in
the tensile conﬁguration. The frequency of dynamic oscillatory
loading was 1 Hz. The gel content was determined by extracting
the cured ﬁlms in boiling chloroform for 24 h. The weight of the
cured ﬁlm before and after extraction is designated as m1, m2,
respectively and then the gel content was calculated as m2/
m1⁄100%. Three samples were tested to determine the average va-
lue. The transparency of the cured ﬁlms was evaluated with DUV-
3700 UV–vis spectrometer (Sahimadzu, Japan) in the transmission
mode. The wavelength studied ranged from 400 to 800 nm. The
pencil hardness of the samples was obtained using a QHQ-A pencil
hardness apparatus (Tianjin Instrument Co.).
3. Results and discussion
3.1. Structural and morphological properties
The morphology of GO, GNS and FGNS was observed by AFM
and TEM. Fig. 2 gives the AFM images and the corresponding height
proﬁles of GO and TEM images of (b) GNS and (c) FGNS. As shown
in Fig. 2a, GO displays a fully exfoliated graphene oxide sheet withFig. 2. (a) AFM images and the corresponding height proﬁa thickness of 0.763 nm, which has been reported previously [33].
As is well-known, the thickness of a pristine graphene nanosheet is
about 0.34 nm and a GO sheet is expected to be much thicker due
to the presence of oxygen-containing functional groups attached
on both sides of graphene nanosheet. In Fig. 2b, the graphene nano-
sheet is nearly invisible due to the extremely thin nature of graph-
ene, indicating the formation of the exfoliated monolayer or few-
layered stacks of sheets. However, the FGNS presents a relatively
fuzzy morphology (Fig. 2c) due to the siloxane grafting onto the
surface of graphene.
X-ray photoelectron spectroscopy (XPS) provides abundant
information about the surface composition of GO, GNS and FGNS,
which can further conﬁrm their structures. The C1s XPS spectra
of (a) GO, (c) GNS and XPS survey scans of (b) GNS and (d) FGNS
are presented in Fig. 3. As shown in Fig. 3a, GO has a considerable
degree of oxidation with a C/O atomic ratio of 63%/37% and the C1s
XPS spectrum of GO can be divided into four peaks, corresponding
to the carbon atoms in different functional groups. The character-
istic peaks at 284.6, 285.6, 286.6 and 288.5 eV are attributed to un-
oxidized graphite carbon (CAC), CAOH, C (epoxy/alkoxy) and C@O
groups, respectively [34]. For GNS (Fig. 3c), the C1s peak intensi-
ties, especially the peak of C (epoxy and alkoxy), are dramatically
decreased, indicating that most of the oxygenated functional
groups are removed after the reduction. As can be seen from
Fig. 3d, the XPS spectrum of FGNS shows the signiﬁcantly increased
intensities in S2s, S2p, Si2s and Si2p peaks resulting from MTS
compared to that of GNS, suggesting the attachment of MTS onto
the surface of graphene. All these results indicate that the surface
of GO has been successfully modiﬁed and reduced.
To further deﬁne the structure of the surface of graphene, Fig. 4
displays the solid-state 29Si NMR spectrum of FGNS. The silicon
sites are labeled according to the conventional Tn notation, where
n (n = 1–3) is the number of Si-bridging oxygen atoms. The chem-
ical shifts of T1, T2 and T3 are 58.6, 67.9 and 72.5 ppm, which areles of GO and TEM images of (b) GNS and (c) FGNS.
Fig. 3. C1s XPS spectra of (a) GO, (c) GNS and XPS survey scans of (b) GNS and (d) FGNS.
Fig. 4. Solid-state 29Si NMR spectrum of FGNS. Fig. 5. FTIR spectra of (a) GO, (b) GNS, (c) FGNS, (d) TE-0: before curing, (e) TE-0:
after curing and (f) FGNS/TE-1.5.
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siloxanes [Si(OSi)n(OX)4n, X@H or C], respectively. These similar
results have been reported by Shin et al [35], indicating more than
one ethoxy in MTS hydrolyzed and reacted with the hydroxyls of
graphene to form the SiAO bond, as illustrated in Scheme 1.
Fig. 5 shows the FTIR spectra of GO, GNS, FGNS and FGNS/thiol-
ene composites. As expected, the FTIR spectrum of GO shows the
typical absorption of some oxygen functional groups, including hy-
droxyl (3379 cm1), epoxy (1043 cm1), and carbonyl (1724 cm1,
1226 cm1) groups. After the chemical reduction, the intensities of
these IR peaks are signiﬁcantly decreased, as shown in the spectra
of GNS, indicating the removal of oxygen-containing groups.Compared with GNS, the doublet at 2860 and 2930 cm1 corre-
sponding to symmetric and asymmetric vibration of ACH2A
groups in the alkyl chains of the silane moieties are observed in
the IR spectrum of FGNS, indicating that the silane has been grafted
onto graphene. Moreover, the peaks at 1110 and 1020 cm1 char-
acteristic of the SiAOASi/SiAOAC further provide evidence for this
successful chemical functionalization. As for the IR spectrum of TE-
0 before curing (d), the peaks at 2570 and 3090 cm1 are corre-
sponding to the stretching vibrations of SAH in PETMP and unsat-
urated CAH in TAIC, respectively. After irradiation, the two peaks
disappear in the new spectra (e), indicating the complete curing
Table 1
Formulations of thiol-ene composites and their gel content values and glass transition
temperature (Tg).
Sample FGNS (wt%) GNS (wt%) Gel content (%) Tg (C)
TE-0 0 – 97 61.1
FGNS/TE-0.5 0.5 – 97 90.8
FGNS/TE-1.0 1.0 – 97 87.9
FGNS/TE-1.5 1.5 – 96 91.3
GNS /TE-1.5 – 1.5 97 88.5
Tg is determined by DMA.
Fig. 6. Raman spectra of GO, GNS and FGNS.
Fig. 7. XRD patterns of GO, GNS, FGNS, thiol-ene and its nanocomposites.
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other typical peaks at 1740 cm1 (C@O in PETMP), 1680 cm1
(C@O in TAIC), 1270 and 1010 cm1 (CAO) appearing in the spec-
trum of FGNS/TE-1.5, further conﬁrmed the structure of the
thiol-ene networks. All the cured samples show a high gel content
value (above 96%, see Table 1), implying the absence of any
extractable oligomer or unreacted monomer.
Raman spectroscopy is a powerful tool for characterizing the
structures of graphene and its derived materials. Fig. 6 shows the
Raman spectra of GO, GNS and FGNS. As can be seen, the Raman
spectrum of GO displays the G band at 1594 cm1 and D band at
1351 cm1. The former is due to the ﬁrst order scattering of the
E2g phonon of sp2 C atoms and the latter is ascribed to a breathing
mode of R-point photons of A1g symmetry [36]. Upon reduction of
GO, the G band of GNS shifts from 1594 to 1587 cm1, which is
close to that of pristine graphite (1581 cm1), indicating the resto-
ration of the graphitic sp2 network [36]. Meanwhile, an increased
D/G intensity ratio relative to that of GO is observed, which can be
attributed to a decrease in the size of the in-plane sp2 domains and
a partially ordered crystal structure of the GNS [37]. In the case of
FGNS, there is no obvious change in peak intensity and position
compared to that of GNS, implying that the structure of the graph-
ene nanosheets has been maintained after chemical
functionalization.
Fig. 7 shows XRD patterns of GO, GNS, FGNS, thiol-ene and its
nanocomposites. The GO exhibits a sharp diffraction peak at
2h = 10.3, corresponding to the (002) reﬂection of GO [38]. After
reduction, GNS and FGNS powder both present no visible peaks.
Although this does not mean that all stacking is lost, it does indi-
cate the disordered stacking structure of the GNS and FGNS pow-
ders. As for the XRD patterns of thiol-ene and its
nanocomposites, only a broad peak at about 20.0 is observed,
which is ascribed to the amorphous feature of the cross-linked
polymer matrix. These results indicate disordered graphene nano-
sheets dispersed in the matrix.
The dispersion level of nanoﬁller in matrix and the interfacial
interaction between the nanoﬁller and polymer matrix are two
decisive factors to affect the properties improvement of compos-
ites. To verify the homogeneous dispersion of FGNS in thiol-ene
and the formation of strong interfacial interaction between thiol-
ene and FGNS, SEM and TEM were employed to investigate the
morphology of the samples. Fig. 8 shows the SEM images of (a)
TE-0, (b) FGNS/TE-1.5, (c) GNS/TE-1.5 and TEM image of (d)
FGNS/TE-1.5. The pure thiol-ene (Fig. 7a) exhibits a relatively ﬂat
fractured surface, which is typical for homogeneous material. As
for the FGNS/thiol-ene composites, the fractured surface becomes
much rougher and some exfoliated graphene sheets (marked by
red1 arrows) are obviously observed on the fractured surface,
whereas the untreated-GNS counterpart shows stacking structure
of graphene sheets in thiol-ene matrix. Furthermore, the TEM image
of FGNS/TE-1.5 (d) shows the exfoliated graphene sheets are ﬁnely1 For interpretation of color in Fig. 7, the reader is referred to the web version o
this article.fdispersed in the matrix of thiol-ene. Part of FGNSs is obscure due to
the very thin nature of FGNS, whereas others are dark, probably
attributable to the stacked structure. All the results demonstrate that
FGNS forms a strong interfacial adhesion with thiol-ene through
covalent linkage and are well dispersed in matrix.
3.2. Dynamic mechanical thermal analysis (DMTA)
The glass transition temperature (Tg) is an important thermal
parameter which can be used to evaluate the molecular ﬂexibility
of polymers and other amorphous materials. Graphene-based
nanoﬁllers have been found to signiﬁcantly increase the Tg of the
host polymer at extraordinarily low GNS loading due to the con-
straint effect of graphene sheets on the polymer chain mobility.
Fig. 9 represents (a) storage modulus (E0) and (b) loss factor (tan
d) curves of thiol-ene and its nanocomposites as a function of tem-
perature. It can be seen that the storage modulus (E0) of the thiol-
ene composite ﬁlms displays a clear increasing trend with increas-
ing FGNS concentration in glassy region. When the FGNS addition
loading is 1.5 wt%, the cured ﬁlm shows the greatest value of E0
with a 138% increment at 20 C. The observed remarkably
mechanical reinforcement may be related to the high speciﬁc sur-
face area and high stiffness of graphene [39]. The glass transition
temperature (Tg) is determined from the peak temperature of tan
d  T curve and related result of Tg values for the composite ﬁlms
are listed in Table 1. As expected, a great increase in Tg values for
FGNS/thiol-ene systems is achieved with the addition of FGNS.
The pure thiol-ene matrix displays a Tg of 61.1 C, while for the
Fig. 8. SEM images of the fractured sections of (a) TE-0, (b) FGNS/TE-1.5, (c) GNS/TE-1.5 and TEM image of (d) FGNS/TE-1.5.
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to 91.3 C with an increment of about 30 C. The enhanced Tg indi-
cates a strong conﬁnement effect of FGNS to the thiol-ene chains.
Compared with the FGNS/TE-1.5 composites, the untreated GNS/
TE-1.5 counterpart shows relatively lower storage modulus of
2386 MPa at 20 C and Tg of 88.5 C (shown in Table 1) due to
the better dispersion and stronger interfacial adhesion of FGNS
within matrix than bare graphene.Fig. 9. (a) Storage modulus (E0) and (b) loss factor (tan d) curves of thiol-ene and its
nanocomposites as a function of temperature.3.3. Thermal stability
TGA is widely used to rapidly evaluate the thermal stability and
thermal degradation behaviors of various materials. Fig. 10 shows
the (a) TG and DTG curves of GO, GNS, FGNS and (b) TG and DTG
curves of thiol-ene and its nanocomposites under nitrogen atmo-
sphere. As can be seen from Fig. 10a, GO is thermally unstable
and starts to lose weight below 100 C, which is attributed to the
release of adsorbed water. With increasing the temperature, the
main decomposition process of GO occurs in the temperature
range of 150–450 C owing to the decomposition of some oxy-
gen-containing functional groups such as hydroxyl and epoxy,
yielding CO2, CO and vapor. However, GNS becomes more ther-
mally stable than GO and no signiﬁcant mass loss is observed dur-
ing the heating process because of the removal of labile oxygen
functional groups after reduction. Furthermore, FGNS also exhibits
high thermal stability after modiﬁcation and reduction. The main
mass loss of FGNS takes place above 200 C, which is ascribed to
the thermal decomposition of residual labile groups and grafted or-
ganic compounds. In the case of char residues at 700 C, there is
93.3 wt% residues left for GNS, whereas only 75.6 wt% for FGNS.
The signiﬁcantly decreased char residues can be explained by the
successful surface modiﬁcation of GNS. As for the FGNS/thiol-ene
nanocomposites, the incorporation of FGNS induces signiﬁcantly
enhanced thermal stability in the low temperature region, which
is well consistent with the previous reports [15,25]. With the in-
crease of FGNS loading, the temperature for 5% weight loss (T0.05)
of the composite ﬁlms is gradually increased from 249 C for pure
thiol-ene to 362 C for 1.5 wt% FGNS/thiol-ene with above 100 Cincrement. However, compared with the FGNS/TE-1.5 composite,
the GNS/TE-1.5 composite exhibits a relatively low thermal stabil-
Fig. 10. (a) TG and DTG curves of GO, GNS and FGNS, (b) TG and DTG curves of Thiol-ene and its nanocomposites under nitrogen atmosphere.
Fig. 11. UV–vis spectra of (a) TE-0, (b) FGNS/TE-0.5, (c) FGNS/TE-1.0 and (d) FGNS/
TE-1.5 nanocomposites.
Fig. 12. Pencil hardness of thiol-ene and its nanocomposites.
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imum mass loss temperature. The reason for the higher improve-
ment in thermal stability is that homogeneous dispersion of
FGNS is more favorable for improving the thermal stability of ma-
trix. Moreover, graphene nanosheets, just like other layered mate-
rials such as clay and layered double hydroxides, bring out the so-
called ‘‘tortuous path’’ effect, which act as barriers to prevent the
permeation of oxygen and the escape of volatile degradation prod-
ucts and also promote the char formation [20,40].
Fig. 11 shows the UV–vis spectra of thiol-ene and FGNS/thiol-
ene nanocomposite ﬁlms. It is clear that the pure thiol-ene shows
high transparency throughout the studied range of 400–800 nmwith the transmittance values of 88% at 600 nm. With the incorpo-
ration of FGNS, the transmittance of thiol-ene is signiﬁcantly de-
creased. The phenomenon can be explained by the strong
shielding effect of graphene sheets to the visible light.
The pencil hardness of FGNS/TE composites and the compara-
tive sample is shown in Fig. 12. From the Fig. 12, it can be seen that
the 1.5 wt% loading of FGNS incorporation leads to the obvious
enhancement in the pencil hardness from 3H for the pure cured
ﬁlm to 6H. However, the comparative sample exhibits the hardness
of 4H, which is lower than that of FGNS/TE-1.5, indicating chemical
modiﬁcation of graphene is an effective approach to realize the
326 B. Yu et al. / Chemical Engineering Journal 228 (2013) 318–326effectively mechanical property enhancement for the graphene-
based polymer composites.
4. Conclusion
In this work, functionalized graphene nanosheets (FGNS) were
successfully synthesized through surface modiﬁcation of graphene
with 3-mercaptopropyl trimethoxysilane and then well character-
ized by AFM, TEM, FTIR, XRD, XPS and 29Si NMR. The SEM and TEM
images indicated that FGNS were homogeneously dispersed in
thiol-ene and formed strong interfacial adhesion with thiol-ene
due to the organosiloxane with active end-group grafted on the
surface of GNS. Considerable enhancement of the thermal proper-
ties of thiol-ene was achieved by incorporating very low loading of
FGNS. The presence of FGNS to some extent restricted the move-
ment or relaxation of the polymer chains, as evidenced by in-
creased glass transition temperature. The thermal stability of
thiol-ene was signiﬁcantly improved by the addition of graphene
sheets due to the barrier effect of lamellar structure. Simulta-
neously, dramatically enhanced mechanical property was also
achieved attributable to the strong interfacial adhesion and high
stiffness of graphene. By contrast, untreated GNS/thiol-ene nano-
composites exhibited relatively low thermal properties and storage
modulus than its modiﬁed-GNS counterpart. It can be concluded
that the covalent functionalization of graphene with 3-mercapto-
propyl trimethoxysilane exhibited great potential to fabricate
UV-curing nanocomposite coatings with greatly enhanced
performance.
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